The proper function of the bone morphogenic protein (BMP) pathway during embryonic development and organ maintenance requires its communication with other signaling pathways. Unlike the well-documented regulation of the BMP pathway by FGF/ MAPK and Wnt/GSK3 signals, cross-talk between BMP/Smad and retinoic acid (RA)/RA receptor (RAR) pathways is poorly understood. Here, we show that RA represses BMP signal duration by reducing the level of phosphorylated Smad1 (pSmad1). Through its nuclear receptor-mediated transcription, RA enhances the interaction between pSmad1 and its ubiquitin E3 ligases, thereby promoting pSmad1 ubiquitination and proteasomal degradation. This regulation depends on the RA-increased Gadd45 expression and MAPK activation. During the neural development in chicken embryo, the RA/RAR pathway also suppresses BMP signaling to antagonize BMP-regulated proliferation and differentiation of neural progenitor cells. Furthermore, this cross-talk between RA and BMP pathways is involved in the proper patterning of dorsal neural tube of chicken embryo. Our results reveal a mechanism by which RA suppresses BMP signaling through regulation of pSmad1 stability.
The proper function of the bone morphogenic protein (BMP) pathway during embryonic development and organ maintenance requires its communication with other signaling pathways. Unlike the well-documented regulation of the BMP pathway by FGF/ MAPK and Wnt/GSK3 signals, cross-talk between BMP/Smad and retinoic acid (RA)/RA receptor (RAR) pathways is poorly understood. Here, we show that RA represses BMP signal duration by reducing the level of phosphorylated Smad1 (pSmad1). Through its nuclear receptor-mediated transcription, RA enhances the interaction between pSmad1 and its ubiquitin E3 ligases, thereby promoting pSmad1 ubiquitination and proteasomal degradation. This regulation depends on the RA-increased Gadd45 expression and MAPK activation. During the neural development in chicken embryo, the RA/RAR pathway also suppresses BMP signaling to antagonize BMP-regulated proliferation and differentiation of neural progenitor cells. Furthermore, this cross-talk between RA and BMP pathways is involved in the proper patterning of dorsal neural tube of chicken embryo. Our results reveal a mechanism by which RA suppresses BMP signaling through regulation of pSmad1 stability.
B
one morphogenic proteins (BMPs), a subfamily of cytokines of the TGF-β superfamily, play key roles in regulating a wide range of biological responses during embryonic development and adult tissue homeostasis (1) . Deregulation of BMP signaling has been associated with developmental defects, carcinogenesis, and other diseases (2) . BMP signal transduction involves the ligand binding to a type II receptor, which phosphorylates the type I receptor in a heterotetrameric receptor complex at the plasma membrane. This leads to the recruitment and phosphorylation of the cytoplasmic effectors Smad1/5/8, which are referred to as receptor-regulated Smads (R-Smads). Then, phosphorylated Smad1/5/8 together with Smad4, the common Smad protein (CoSmad), translocate to the nucleus where they regulate the expression of hundreds of target genes by interacting with transcriptional coactivators or corepressors (3) (4) (5) .
The pleiotropic regulatory functions of BMP signaling are finetuned extracellularly by antagonists (i.e., Chordin and Noggin) or intracellularly by Smad6 and Smad7, the inhibitory Smads (ISmads) (3, 6) . In addition, the activity of the BMP pathway can be modulated by other signaling pathways either synergistically or antagonistically, depending on the biological context (7) . Communications of the BMP signaling pathway with FGFs and other activators of the MAPK pathway rely on the phosphorylation of the R-Smads linker region (8, 9) . The MAPK-mediated phosphorylation also primes the Smad1 linker region for GSK3 to phosphorylate, which further attenuates the Smad1 activity, whereas Wnt conversely prolongs the duration of BMP activity (10) . BMP, FGF, and Wnt are important morphogens that set positional information in embryonic patterning. During early stages of Xenopus development, the dorsal-ventral (D-V) axis is established by a BMP gradient, and the anterior-posterior (A-P) morphogenetic gradient is dominated by Wnt signaling. The cross-talk between these two pathways suggests an interesting model where the graded signals that specify the D-V and A-P axes are integrated at the level of Smad1/5/8 to coordinate early embryonic patterning (11) . However, it is less clear whether the BMP/Smad pathway is regulated by other morphogens during later phases of embryonic patterning.
Retinoic acid (RA) is a universal morphogen that regulates multiple biological processes in embryonic development and adult tissue remodeling (12) . When transported to the nucleus, RA binds to a transcription complex comprising heterodimers of RA receptor (RAR) and retinoic X receptor (RXR). These heterodimeric pairs then recruit a range of coactivators or corepressors to regulate gene transcription (13, 14) . Moreover, RA signaling regulates many developmental processes through repression of protein growth factor signaling pathways (12) , such as inhibition of FGF signaling during body axis extension (15) . Along the D-V axis of the developing neural tube, BMP activity is restricted to the dorsal region, whereas RA signaling mainly resides in the intermediate region (13, 16) . However, it is currently unknown whether and how RA pathway cross-talks with BMP signaling.
In this study, we show that, through increasing Gadd45 expression and MAPK activation, RA enhances the interaction between pSmad1 and its ubiquitin E3 ligases. Consequently, RA promotes the ubiquitination and proteasomal degradation of pSmad1, thereby repressing BMP signaling activity. The crosstalk between the BMP and RA pathways is also involved in the patterning of the dorsal neural tube in chicken embryo.
Results

RA Reduces Smad1
Phosphorylation to Antagonize BMP/Smad Signaling.
To address the possibility of RA regulating BMP signaling activity, we performed luciferase assays in mouse embryonic carcinoma P19 cells and mouse ES cells, in which both BMP and RA pathways are responsive. We used a four-repeat BMP responsive element (BRE), derived from the promoter of the human Id1 gene that is a canonical target of BMP signaling (17) , to drive reporter expression. The BRE-luc response was significantly increased by BMP4 in both cell types, whereas RA treatment strongly inhibited BMP4-induced as well as basal BRE-luc activities (Fig. 1A, i and ii). To further confirm this negative regulation of BMP signaling, we used the natural promoter of human Id1 gene to drive luciferase expression and found that RA indeed prevented BMP4-induced activation of Id1-luc in P19 cells (Fig. 1A, iii) . Consistently, real-time PCR analysis showed that basal and BMP4-induced expression of the downstream targets, Id1, Dlx5, and Msx2, was repressed by RA (Fig. 1B) . In contrast, the expression of Smad1 and Smad4, two mediators but not target genes of BMP signaling, remained constant in control and RA-treated cells (Fig. S1A) . These results suggest that the RA suppression of BMP-regulated transcription is specific and not the result of cytotoxicity or general transcriptional repression.
Because pSmad1 is the critical effector that controls transcriptional responses of BMP signaling, we reasoned that RA might inhibit BMP transcriptional activity by recruiting regulatory repressor(s) or preventing the pSmad1 transcriptional complex from binding to its target promoters. To distinguish between these two possibilities, a ChIP assay was carried out to examine whether RA interferes with BMP4-induced pSmad1 binding to the BRE region of Id1 promoter. Real-time PCR analysis indicated that BMP4 stimulation increased the enrichment of this BRE fragment in anti-pSmad1 immunoprecipitates and that RA treatment blocked this increase. In the control, no significant change was observed for the enrichment of a region upstream of the BRE after BMP4 and/ or RA treatment (Fig. 1C) . These data suggest that RA interferes with the binding of pSmad1 to its cognate sequences. We then examined pSmad1 levels in starved P19 cells treated with BMP4 and/or RA. We found that RA reduced BMP4-activated Smad1 phosphorylation but did not affect the overall amount of Smad1 in whole-cell lysates (Fig. 1D, lanes 2 and 4) . Cell fractionation assays showed that treatment with RA resulted in decrease of pSmad1 levels in both cytoplasm and nuclear fractions (Fig. S1B , lanes 2, 4, 6, and 8). To determine the kinetics of RA reduction of Smad1 phoshorylation, we treated P19 cells with BMP4 alone or BMP4 plus RA for various periods of time. There was no detectable difference in pSmad1 levels between the two treatments at 2 h poststimulation (Fig. S1C, lanes 2 and 3) . However, there was a reduction of Smad1 phosphorylation when cells were treated with BMP4 plus RA for 4 h (Fig. S1C , lanes 4 and 5), and this reduction was more pronounced for 6-h treatment (Fig. S1C, lanes  6 and 7) . These data suggest that RA decreases pSmad1 level to repress BMP signaling, and this repression requires long-term RA exposure.
RA Promotes the Ubiquitination and Proteasomal Degradation of pSmad1. In living cells, the level of pSmad1 is determined mainly by three factors: phosphorylation induced by the ligand and receptor complex, dephosphorylation by phosphatases, and degradation by the ubiquitin-proteasome system (18, 19) . To determine which is responsible for the RA-induced decrease of Smad1 phosphorylation, serum-starved P19 cells were pretreated with RA for 4 or 5 h and then stimulated with BMP4 for another 1 or 2 h. We found that RA pretreatment did not repress BMP4-stimulated Smad1 phosphorylation ( Fig. S1D ), indicating that RA does not interfere with the kinase activity of the BMP ligand and receptor complex.
To test whether RA activates phosphatases that dephosphorylate pSmad1 (20, 21) , starved P19 cells were stimulated with BMP4 for 1 h, and after removal of BMP4, the cells were treated with or without RA for another 1 or 2 h. We found that pSmad1 levels decreased gradually after BMP4 was removed (Fig. S1E , lanes 2, 3, and 5), most likely owing to the endogenous phosphatases. However, RA did not facilitate the dephosphorylation of Smad1 (Fig.  S1E , lanes 3-6), suggesting that the reduction of pSmad1 by RA does not involve the activation of R-Smad phosphatases.
R-Smad stability is controlled by the ubiquitin-proteasomal machinery, which plays a critical role in the regulation of BMP and TGF-β pathways (19, 22) . To examine the possibility that RAinduced pSmad1 reduction occurs through promotion of its degradation, we assessed whether the specific proteasome inhibitor MG-132 could restore pSmad1 levels after RA treatment. Immunoblotting analysis showed that the RA-induced pSmad1 reduction was indeed counteracted by MG-132, whereas total Smad1 levels were not affected (Fig. 1E , lanes 5 and 6). These data suggest that only a fraction of Smad1 is phosphorylated at the physiological BMP levels in P19 cells, in agreement with previous observations (10, 23) , and that RA promotes pSmad1 degradation to reduce its level. Consistently, MG-132 also restored the expression of BMP target genes, Id1 and Dlx5, which was repressed by RA ( Fig. S1F ). Although okadaic acid, an inhibitor of type 1 and 2A protein phosphatases (24) , blocked RA suppression of TGF-β-stimulated Smad2/3 phosphorylation in HL-60 cells (25) , it was unable to rescue the RA-reduced pSmad1 level in P19 cells (Fig. 1E , lanes 8 and 9). Together, these results indicate that RA reduces Smad1 phosphorylation by promoting pSmad1 degradation.
To determine whether the ubiquitination of pSmad1 is enhanced by RA, N2A cells were cotransfected with Flag-Smad1 and HA-ubiquitin. The ubiquitination of immunoprecipitated Smad1 was analyzed using anti-HA antibody. We found that BMP4 alone caused Smad1 ubiquitination (Fig. S1G , lanes 2 and 3) as previously The data were normalized to the intact inputs respectively and represented as one of three independent experiments. The results are presented as mean ± SD (*P < 0.05). (D) P19 cells were treated as in B, except that Western blot was performed to examine the pSmad1 and total Smad1 levels in whole-cell lysates. (E) BMP4-and/or RA-treated P19 cells were simultaneously added with mock, MG-132, or okadaic acid for 6 h and then harvested for immunoblotting of indicated antibodies. (F) P19 cells were treated with indicated additions for 6 h, lysed with SDS denaturing buffer, and boiled for 1 min. The immunoprecipitates with anti-Smad1 antibody and the whole-cell lysates were subjected to Western blot analyses with indicated antibodies.
reported (26) , and this effect was further facilitated by RA (Fig.  S1G, lanes 3 and 4) . When the immunoprecipitates were blotted by anti-Flag antibody, it was still found that Smad1 was significantly ubiquitinated by the cotreatment of BMP4 and RA (Fig. S1H) . Moreover, the ubiquitination of endogenous Smad1 in P19 cells was increased by RA only in the presence of BMP4 (Fig. 1F) . Taken together, these results suggest that RA reduces pSmad1 level by promoting its ubiquitination and proteasomal degradation.
RA Enhances the Interaction Between pSmad1 and E3 Ubiquitin
Ligases to Promote pSmad1 Ubiquitination and Degradation. The specification of recognition and ubiquitination of target proteins is dependent on E3 ubiquitin ligases, and the known Smad1-specific E3 ligases are Smurf1, Smurf2, and ChIP (22) . In P19 cells, the expression of these E3 ubiquitin ligases was not increased by RA in the presence or absence of BMP4 (Fig. S2A) , indicating that RA promotion of pSmad1 degradation is not through up-regulating these ligases. Next, we investigated whether depletion of these ligases could release the RA inhibition of BMP signaling. Because the expression of Smurf2 and CHIP is much higher than that of Smurf1 in P19 and N2A cells (Fig. S2B) , we generated RNAi constructs to knockdown Smurf2 and CHIP expression simultaneously ( Fig. S2 C and D) . We found that their depletion blocked RA-reduced Smad1 phosphorylation ( Fig. 2A, lanes 5 and 6) . In accordance, knockdown of Smurf2 and CHIP decreased pSmad1 ubiquitination in N2A cells (Fig. 2B, lanes 1 and 3) , and the RAinduced ubiquitination of pSmad1 was also inhibited (Fig. 2B, lanes  3 and 4) . Furthermore, the dominant negative mutants of Smurf2 and CHIP also inhibited RA-enhanced pSmad1 ubiquitination (Fig. S2E) . These results indicate that the R-Smad-specific E3 ubiquitin ligases are necessary for RA-induced ubiquitination and proteasomal degradation of pSmad1.
The above results support the notion that RA interferes with BMP signaling through regulation of pSmad1 ubiquitination and stability. Next, we sought to examine whether RA enhances the interaction between the E3 ligases and pSmad1. Coimmunoprecipitation (Co-IP) assays in BMP4-and/or RA-treated N2A cells were used to analyze the association of Smad1 with mutated Smurf2(C716A) (27) , which lacks ligase activity but retains its ability to interact with Smad1. We found that Smurf2(C716A) was present in the Smad1 immunocomplex (Fig. 2C, lane 3) , and its amount was slightly increased on BMP4 treatment (Fig. 2C, lane  5) , consistent with the observation that Smad1 ubiquitination was enhanced by BMP4 (Fig. S1G) . Notably, in the presence of BMP4, RA strongly promoted the binding of Smurf2(C716A) to Smad1 (Fig. 2C, lanes 5 and 6) , whereas RA treatment alone had no apparent effect (Fig. 2C, lanes 3 and 4) . Moreover, proline to alanine mutations of the PPAY motif [Flag-Smad1(AAAY)], which abrogates the binding of Smad1 to E3 ubiquitin ligases (8, 28) , prevented the RA-increased association of Smurf2(C716A) with Smad1 ( Fig. 2D) , suggesting that this RA regulation is indeed dependent on the recognition of Smad1 by its E3 ubiquitin ligases. To verify that RA preferentially increases Smurf2 interaction with pSmad1, we precipitated the Smurf2(C716A) complex. It was found that the pSmad1 only existed in the immunocomplex on BMP4 stimulation and that RA increased this pSmad1 binding significantly (Fig. S2F) . Together, these data indicate that RA increases the interaction between pSmad1 and its E3 ubiquitin ligases to promote pSmad1 ubiquitination and degradation.
RA Increases Gadd45 Expression and MAPK Activation to Promote pSmad1 Degradation. To determine whether RA nuclear receptors are involved in the RA regulation of BMP signaling, we first examined their expression in P19 and N2A cells. Because RARα and RARγ were the main RA receptors expressed in these cells (Fig. S3A) , we used RNAi plasmids against RARα and RARγ to knockdown expression of both receptors (Fig. S3 B and D) . Immunoblotting analysis showed that RA could not reduce pSmad1 levels after RARα and RARγ were depleted (Fig. 3A, lanes 5 and 6) , suggesting that RA receptors are required for RA-promoted pSmad1 degradation. Consistently, Co-IP assays revealed that the reduction of RA receptors expression also blocked the RA-enhanced interaction between pSmad1 and Smurf2(C716A) (Fig. 3B) . Because RA usually forms a complex with RARs for transcriptional regulation (14) and our previous observation (Fig.  S1C) indicated that RA-mediated reduction of Smad1 phosphorylation needed a 4-to 6-h treatment, we proposed that RARmediated de novo protein synthesis might be required for RA inhibition of BMP signaling.
To confirm this notion, we used cycloheximide and actinomycin D to inhibit translation and transcription, respectively, and found that both inhibitors could rescue RA-reduced pSmad1 levels (Fig. 3C ). More interestingly, we found that the MEK inhibitor PD184352 (Fig. 3D, lanes 5 and 6) but not the FGF receptor inhibitor PD173074 (Fig. 3D, lanes 8 and 9) could fully restore the RA reduction of Smad1 phosphorylation, suggesting that MAPK activation is required for RA-promoted pSmad1 degradation. Thus, it is possible that RA may regulate the expression of some MAPK regulator(s) to exert its inhibitory function. To test this possibility, P19 cells were treated with BMP4 or BMP4 plus RA for 6 h, and a microarray analysis was performed to search for differentially expressed genes, among which Gadd45β and γ were upregulated by RA treatment. Gadd45 members are MAPK cascade activators through regulating MEKK4 activity (29) . Real-time PCR analysis confirmed that RA significantly increased Gadd45α, β, and γ expression, both in the absence and presence of BMP4 (Fig. 3E) . To determine the function of Gadd45 in RA-regulated Smad1 phosphorylation, we generated RNAi constructs to knockdown Gadd45β and γ simultaneously (Fig. S3 C and E) and found that the depletion of Gadd45β and γ rescued the RA-repressed pSmad1 level (Fig. 3F, lanes 5 and 6) and disrupted the RAenhanced association of pSmad1 and Smurf2(C716A) (Fig. 3G,  lanes 3 and 4) . Together, these results indicate that RA increases Gadd45 expression and MAPK activation to enhance the interaction of pSmad1 with its E3 ubiquitin ligases, thereby promoting pSmad1 degradation. 
RA/RAR Pathway Represses BMP Activity and Antagonizes BMP Regulation of the Proliferation and Differentiation of Neural
Progenitor Cells in Chick Neural Tube. Both BMP and RA are important morphogens, and their signaling activities must be finely regulated for proper development of the CNS (16, 30) . To determine whether RA regulates BMP signaling during CNS development, we electroporated the reporter plasmid BRE-TK-RFP, in which the expression of RFP was controlled by four repeats of the BRE, into the neural tube of chicken embryos at Hamburger and Hamilton (HH) stages 10 and 11 (31) . RFP expression was analyzed at HH stages 16 and 17 to visualize BMP signaling activity. RFP-positive cells were mainly located in the dorsal region of the developing neural tube, with a gradual decrease along the D-V axis (Fig. 4A, a) , which is consistent with the endogenous gradient of BMP activity. Coelectroporation of RARγ strongly reduced the number and intensity of RFP-positive cells (Fig. 4 A, c and B) . The reporter activity of BRE-luc was repressed by overexpressed RARγ but increased by RAR403, a dominant negative form of RAR (32) (Fig. 4C) . Real-time PCR analysis also showed that RARγ inhibited the endogenous expression of the BMP target genes cId2, cId3, cMsx1, and cMsx2 (Fig. 4D) . Meanwhile, expression of chick Gadd45α and β was increased by RARγ overexpression (Fig. S3F) . Taken together, these results indicate that the RA/RAR pathway also negatively regulates BMP signaling activity in the neural tube of chicken embryo, and the underlying mechanism may be similar to that of in vitro models.
During CNS development, activation of BMP signaling through the BMP receptor BMPRIA promotes the proliferation of neural progenitor cells and prevents precocious neurogenesis (33) . To determine whether this BMP signaling activity is modulated by the RA/RAR pathway, we electroporated a construct of constitutively active BMPRIA (caBMPRIA), either alone or together with RARγ, into chick neural tubes at HH stages 10 and 11. Then, an immunostaining analysis of Tuj1, a neuron-specific class III β-tubulin, was used to measure the number of mature neurons at HH stages 16 and 17. Overexpression of caBMPRIA significantly decreased the ratio of Tuj1 + cells between the transfected and control sides (Fig. 4 E, b and F) , whereas control electroporation of a GFP plasmid had no effect (Fig. 4E, a) . Notably, coelectroporation of RARγ with caBMPRIA could partially restore the number of Tuj1 + cells (Fig. 4 E, c and F) . Progenitor cells in the embryonic neural tube are actively proliferating and can be labeled with BrdU. Thus, we asked whether the RA/RAR pathway could also interfere with the BMP regulation of neural progenitor proliferation. To this end, we injected the electroporated embryos with BrdU and incubated them for 1 h before harvesting at HH stages 22 and 23. Immunostaining analysis showed that caBMPRIA electroporation significantly increased the ratio of BrdU + cells between the transfected and control sides (Fig. 4 E, e and F) , whereas RARγ coelectroporation inhibited this effect (Fig. 4 E, f and F) . Together, these data suggest that RA/RAR pathway can antagonize the BMP-regulated differentiation and proliferation of neural progenitor cells in chick neural tube.
Integration of BMP/Smad and RA/RAR Pathways During Patterning of the Dorsal Neural Tube in Chicken Embryo. The specification of the distinct domains in the dorsal spinal cord is initiated by the proneural genes between embryonic day (E) 9.5 and E12.5 in the mouse embryo. The dorsal-most precursor cells adjacent to the roof plate (dI1) express the proneural gene Math1, whereas neurogenin 1 (Ngn1) and Ngn2 are expressed by the next ventral band of precursor cells (dI2) and Mash1 is expressed by the precursors that will become dI3-dI5 (34) . BMPs secreted by the roof plate are required for the patterning of these dorsal domains (35) . To examine whether the patterning activity of BMP signaling is regulated by the RA/RAR pathway, we electroporated caBMPRIA, either alone or together with RARγ, into chick neural tubes at HH stages 12-14 and examined the expression patterns of the proneural genes cNgn1, cNgn2, and Cash1 (the chick ortholog of Mash1) at HH stages 22 and 23. In the dorsal neural tube of caBMPRIA-electroporated embryos, the expression of Ngn1 (6/9), Ngn2 (6/9), and Cash1 (3/9) was clearly ventralized on the electroporated side compared with the control side (Fig. 5 Center), whereas electroporation of a control GFP construct had no effect (7/7) (Fig. 5 Left) . This ventral migration of the dI2 and dI3 domains is consistent with the dorsal spinal cord phenotype of the BMPRIA and BMPRIB double-knockout mice (36) . Interestingly, coelectroporation of caBMPRIA and RARγ rescued the ventralization phenotype of caBMPRIA, resulting in a localization of cNgn1 (8/9), cNgn2 (8/9), and Cash1 (9/9) transcripts similar to that of the nonelectroporated side of the neural tube (Fig. 5 Right) . These results suggest that the RA/RAR pathway regulates BMP patterning activity in the dorsal neural tube. Collectively, these results indicate that the BMP/Smad and RA/RAR pathways are integrated for proper specification of neural progenitor cells in the developing spinal cord.
Discussion
Because deregulation of BMP signaling leads to many developmental disorders and diseases, the stringent control of its activation and termination is critical for normal development and tissue maintenance (1, 2) . In this study, we show that RA represses the BMP signaling during proliferation and differentiation of neural progenitor cells and patterning of the dorsal neural tube in chicken embryo. Through increasing Gadd45 expression and MAPK activation, RA enhances the association of pSmad1 with its E3 ubiquitin ligases to promote pSmad1 ubiquitination and proteasomal degradation, thereby antagonizing BMP signaling activity. Our findings support the notion that, by interfering with the stability of pSmad1, the RA/RAR pathway functions as a biological regulator to balance the duration of BMP/Smad signal.
Smad1 is the main effector of BMP signaling and is regarded as the central component for integrated communication between BMP and other pathways (11) . Previous studies have shown that the FGF/MAPK and Wnt/GSK3 pathways cross-talk with BMP/ Smad signaling by regulating the stability of Smad1. The dual inhibitory phosphorylations in the Smad1 linker region by MAPK and GSK3 are initiated by BMP receptor-activated phosphorylation, and these sequential modifications are important for balancing the duration of BMP pathway activity (8, 10) . We found that the regulation of BMP signaling by the RA/RAR pathway also converges on Smad1, and RA specifically enhances the interaction between pSmad1 and E3 ubiquitin ligases, thereby promoting the ubiquitination and proteasomal degradation of pSmad1. RA treatment does not interfere with total Smad1 levels and does not increase the association of Smad1 and E3 ligases in the absence of BMP4. Therefore, RA-regulated Smad1 modification and stability depend on the activation of the BMP pathway and the phosphorylation of the Smad1 C terminal as triggered by BMP receptors primes Smad1 for RA modulation. This suggests that the RA/RAR pathway also regulates the duration of the BMP/Smad signal. The cross-talk between the BMP/Smad and RA/RAR pathways may provide an additional mechanism for regulating the intensity and duration of BMP/Smad signaling and the differential expression of target genes.
The ubiquitin-proteasomal system plays a major role in regulating the transduction of the BMP pathway, and this regulation occurs at multiple levels, including the BMP receptors and + cells among GFP + cells in GFP (n = 8) and RARγ (n = 9) electroporated neural tubes. Data are presented as the mean ± SD (*P < 0.05). (C) Experiment was performed as in A, except that the expression plasmids were coelectroporated with BRE-luc, and the electroporated part of GFP-(n = 9), RARγ-IRES-GFP-(n = 9), or RAR403-IRES-GFP-(n = 6) expressed neural tubes was dissected for luciferase assay. (D) Experiment was performed as in A, except that the expression plasmids were electroporated alone, and the electroporated side of GFP (n = 8) or RARγ-IRES-GFP (n = 10) neural tubes was dissected for mRNA harvest. Real-time PCR was applied to analyze the relative expression levels of cId2, cId3, cMsx1, and cMsx2 to S17. (E) The right side of chick neural tubes was electroporated with indicated plasmids. Transverse sections of HH stages 16 and 17 were immunostained with antiTuj1 antibody (a-c; GFP: n = 9; caBMPRIA: n = 7; caBMPRIA plus RARγ: n = 8). For BrdU labeling, electroporated embryos were injected with BrdU and incubated for 1 h; then, they were harvested at HH stages 22 and 23. Transverse sections were immunostained with anti-BrdU antibody (d-f; GFP: n = 10; caBMPRIA: n = 11; caBMPRIA plus RARγ: n = 12). (Scale bar: 100 μm.) (F) The ratio of Tuj1 + and BrdU + cells between the transfected side (indicated by +) and the control side (indicated by −) of the electroporated neural tubes in E. Data are presented as the mean ± SD (*P < 0.05). Fig. 4E , except that the electroporation was at HH stages 12-14, and embryos were harvested at HH stages 22 and 23. In situ hybridization was performed with probes of chick Ngn1 (a, d, and g), Ngn2 (b, e, and h), and Cash1 (c, f, and i).
(Scale bar: 100 μm.) R-Smads (19) . The ubiquitination of Smad1 is regulated by specific E3 ubiquitin ligases including Smurf1, Smurf2, and ChIP in both ligand-dependent and -independent manners (22) . It was previously reported that MAPK and GSK3 could phosphorylate the Smad1 linker region, enabling Smad1 binding to Smurf1 and thus, leading to Smad1 ubiquitination and attenuation of BMP signaling (8, 11) . Here, we show that, through enhancing the interaction of pSmad1 with Smurf2, RA/RAR pathway reduces pSmad1 stability to repress BMP signal activity, suggesting that different E3 ligases can mediate the cross-talk of BMP signaling with different pathways. We further find that the RA-induced pSmad1 degradation requires MAPK activation and RA-increased expression of the MAPK activator Gadd45. Therefore, different from the FGF/ MAPK and Wnt/GSK3 pathways, RA/RAR regulates BMP/Smad signaling through a mechanism that requires up-regulation of Gadd45 transcription to activate the MAPK cascade.
BMP and RA are important morphogens, and both are involved in many developmental processes, including CNS development (16, 30) , cardiogenesis, and limb induction (1, 12) . When these two pathways participate in the same process, it is reasonable to speculate that they may regulate each other. Neural patterning is a crucial process that shapes the functional organization of the CNS during development. RA organizes the A-P patterning of the neural tube through its posteriorizing activity (30) , and BMP activity plays an important role in the D-V patterning (16, 34) . Additionally, BMP activity is restricted to the dorsal part of the neural tube along the D-V axis, whereas RA signaling mainly resides in the intermediate region (13, 16) . Therefore, these signaling activities must be precisely regulated for proper development of the neural tube. We found that both BMP signaling activity and its inhibitory effect on neuronal differentiation are inhibited by the RA/RAR pathway in the developing spinal cord. Moreover, RA/ RAR signaling also regulates the BMP signal to specify the neural progenitor domains of the dorsal neural tube. For proper D-V patterning of the neural tube, BMP signaling activity must be graded in the dorsal region, and the duration of the signal must also be precisely regulated (16, 36) . Cross-talk between the BMP/ Smad and RA/RAR pathways plays an important role in this fine tuning, thus suggesting that positional information along the D-V and A-P axes is integrated to ensure correct neural tube patterning during CNS development.
Materials and Methods
Cell Culture and Plasmids Construction. The methods of cell culture and details for constructs in this study are described in SI Materials and Methods.
Immunoprecipitation and Western Blot. Coimmunoprecipitation experiments were performed as described previously (37) . Western blot assays were performed as described previously (38) with slightly modification. The detailed procedures and antibodies used are included in SI Materials and Methods.
